Abstract. Bone marrow mesenchymal stem cells (BMSCs) are considered as multipotent cells, representing a multilineage potential to differentiate into mesodermal lineages of mesenchymal tissues, including cartilage, bone, fat, muscle and tendon. Tissue engineering in BMSCs has made great advances in the regeneration of cartilage and bone defects. To uncover the mechanisms of the multipotent differentiation process, the molecular changes in gene expression profiles during chondrogenic and osteogenic differentiation need to be evaluated with reliable, accurate, fast and sensitive methods. Reverse transcription-quantitative polymerase chain reaction is a commonly used technology for analyzing gene expression, depending on an appropriate reference gene to normalize the errors. The commonly used reference genes vary, and no ideal and universal reference genes suitable for all conditions exist; therefore validation of the stability of gene expression is required. In the present study, three common statistical algorithms, geNorm, Normfinder and BestKeeper, were used to identify the expression stability of 12 genes, and the target differentiation markers during the differentiation of BMSCs were evaluated accurately. Our results demonstrated that YWHAZ, PPIA and GAPDH were suitable as reference genes for chondrogenic differentiation, while RPL13a allowed an efficient normalization expression value of interest genes for osteogenic differentiation of BMSCs. By contrast, the most unstable reference genes were 18s rRNA, B2M and HPRT1 in all studies, and these should be avoided when investigating the differentiation of BMSCs. Our results demonstrate validation of the appropriate reference genes for accurate gene expression in chondrogenic and osteogenic differentiation of BMSCs.
Introduction
Bone marrow contains a rare population of mesenchymal stem cells (BMSCs), derived from the mesodermal layer during embryologic development, and represents a multilineage potential to differentiate into mesodermal lineages of mesenchymal tissues, including cartilage, bone, fat, muscle and tendon (1, 2) . Previous studies have demonstrated that BMSCs even differentiate into tissues in various germ layers beyond the normal embryonic limitation (mesodermal layer). For example, BMSCs have the potential to differentiate into neuronal (ectoderm) (3), pancreatic (4) and hepatic (entoderm) (5) tissue.
In the last decades, the isolation and culture of BMSCs has been well illustrated (6) , and they can be further purified by their cell surface expression as specific markers (7) . Moreover, the particular techniques to induce BMSC differentiation into chondrocytes (8) , osteocytes (9) , adipocytes (10) and myocytes (11) have been described. BMSCs provide excellent candidates for cell-based tissue engineering due to their self-renewal and multipotent differentiation capacity (12) .
Mesenchymal stem cells derived from the bone marrow differentiate along tissue-specific lineages and microenvironments when transplanted to an organ defect. Guan et al developed a specific peptidomimetic ligand to direct BMSCs to the defect bone surface and induced bone regeneration and bone strength (9) . Additionally, cartilage defects have been enhanced and regenerated by the transplantation of BMSCs in a rabbit model (13) and clinical patients (14) . Furthermore, Horwitz et al demonstrated that transplantation of BMSCs in children with osteogenesis and imperfecta allogeneic increased bone marrow density (15) .
There have been great achievements in tissue engineering regeneration in BMSCs, and the molecular changes in gene expression profiles during proliferation, differentiation and redifferentiation are crucial to explain the mechanisms of the multipotent differentiation process, which depends on reliable, accurate, fast and sensitive methods. As a powerful technique to rapidly quantify gene expression,
Validation of suitable reference genes for quantitative
polymerase chain reaction analysis in rabbit bone marrow mesenchymal stem cell differentiation reverse transcription-quantitative polymerase chain reaction (RT-qPCR) is likely to play a vital role in deciphering the cellular and molecular properties of BMSC differentiation with high sensitivity. As a quantitative analysis, however, RT-qPCR depends on an appropriate reference gene to normalize cell number, RNA extraction, sample-to-sample variations, reverse transcription and amplification efficiency differences (16) . The appropriate reference genes are required to be constitutively expressed in the cells or tissue for the various investigations, generally undergoing basic cellular functions and being expressed at abundant levels (17) . However, evidence has revealed that the commonly used reference gene expression levels, although occasionally constant in certain cell types and experimental conditions, varied considerably in different tissue, BMSC proliferation and differentiation (18) . There are still no ideal and universal reference genes suitable for all experimental conditions (17) . As a result, the presumed stability of the reference gene expression must be validated under the particular experimental conditions being investigated, although validation is lacking in most current research (19) . Much research has been carried out to identify a suitable reference gene for BMSCs; however, no comprehensive conclusion has been drawn due to the few reference genes and experimental conditions studied (20) .
In the present study, we selected a series of well-known and commonly used reference genes, and validated the gene expression during BMSC differentiation to osteogenic and chondrogenic lineages.
Materials and methods
Isolation and culture of rabbit BMSCs. The present study was approved by the Ethics Committee of the First Hospital of Jilin University (Changchun, Jilin). Rabbit BMSCs were isolated and cultured according to Haynesworth et al (21) . Briefly, 4-week-old New Zealand rabbits from the animal center of Jilin University, China were anesthetized and the bone marrow was washed out by a needle with low-glucose Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS; Gibco Life Technologies, Carlsbad, CA, USA), penicillin (50 U/ml) and streptomycin (50 U/ml). Cells were incubated at 37˚C with 5% CO 2 . Non-adherent cells were removed on day 3 at the first change of medium. When the adherent mesenchymal stem cells became confluent, the BMSCs were digested, detached and continuously passaged for subculture.
Chondrogenic differentiation. The BMSCs were seeded in six-well plates at 100,000 cells per well in 2 ml chondrogenic medium. Chondrogenic medium was composed of high-glucose DMEM with 10% FBS, 10 ng/ml transforming growth factor β-1 (Peprotech, Inc., Rocky Hill, NJ, USA) and 50 mM ascorbate-2-phosphate (Sigma-Aldrich, St. Louis, MO, USA). The differentiation medium was replaced twice a week for 14 days.
Osteogenic differentiation. Generally, the BMSCs were seeded in six-well plates at 100,000 cells per well in 2 ml osteogenic medium, composed of high-glucose DMEM with 10% FBS, 10 nM dexamethasone (Sigma-Aldrich), 50 mM ascorbate-2-phosphate (Sigma-Aldrich) and 2 mM β-glycerophosphate (Sigma-Aldrich). The differentiation medium was replaced twice a week for 14 days.
Selection of potential reference genes and design of reference primers. In the present study, 12 candidate reference genes were selected for investigation in accordance with a previous study (16) . Primer pairs of the 12 candidate reference genes were designed by the Primer Premier 5.0 software (Premier Biosoft, Palo Alto, CA, USA). The high scored primer pairs were checked using the Primer-BLAST tool from NCBI to ensure the specificity of amplification. The primer pair sequences of the 12 candidate reference genes are listed in Table I . Prior to the expression analysis of the reference genes, the specificity of the primers was evaluated by the melting curve method following amplification with qPCR, where a single high and thin peak was considered as good specificity. Furthermore, the end-products were electrophoresed with 1.5% agarose gel and stained with ethidium bromide. The single product appeared at the expected site, suggesting good specificity.
Total RNA isolation and cDNA synthesis. On days 1, 7 and 14 of BMSC chondrogenic and osteogenic differentiation, cells were washed twice in phosphate-buffered saline and total RNA was immediately isolated using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. RNA concentration was evaluated with a microplate reader (Tecan, Männedorf, Switzerland) and the 260/280 ratio was between 1.8 and 2.0, which indicates pure RNA that is suitable for qPCR analysis. Then 2 µg isolated total RNA was reverse transcribed to cDNA according to the manufacturer's instructions of the reverse transcription kit (Takara Biotechnology Co., Ltd., Dalian, China). Oligo dT and random primers were used to ensure that total mRNA was transcribed to cDNA.
RT-qPCR. RT-qPCR was performed using the Mx3005P
Multiplex Quantitative PCR system (Stratagene, La Jolla, CA, USA), with qPCR SYBR-Green qPCR reagents (Takara Biotechnology Co., Ltd.). Approximately 100 ng cDNA and a final concentration of 200 nM forward and reverse primer pairs were used for each qPCR reaction, with ROX as the reference dye. The cycling conditions were as follows: an initial cycle at 95˚C for 15 sec, followed by 40 cycles of 95˚C degeneration for 5 sec, 60˚C annealing and extension for 33 sec. The melting curve analysis was carried out on each sample to ensure a single amplicon. Results were exported to Microsoft Excel for analysis.
Evaluation of gene stability and statistical analysis. The stability of candidate reference genes was evaluated by various algorithms, including the geNorm (17), NormFinder and BestKeeper programs and the comparative ΔCt method (22) .
Normalization of collagen Ⅰ, collagen Ⅱ and aggrecan as target genes.
The effects of the reference gene variance on the expression of collagen Ⅰ, collagen Ⅱ and aggrecan were analyzed with the 2 -ΔΔCt method, as markers of chondrogenic and osteogenic differentiation of BMSCs. The primer pair Table I . Primer sequences of candidate reference genes for the differentiation of bone marrow mesenchymal stem cells. Table II . The expression of genes on day 1 was designated as the calibrator, and the target genes were normalized by the 12 reference genes and the recommended combination of geNorm, Normfinder and BestKeeper.
Results
Isolation, culture and differentiation of rabbit BMSCs. The techniques for the isolation of rabbit BMSCs have been well investigated and are well established. In accordance with a previous study (21) , the rabbit BMSCs were isolated after three passages. The cells are shown in Fig. 1 , and morphological analysis clearly suggests highly purified BMSCs.
Expression profiles of candidate reference genes.
The Ct values of 12 candidate reference genes in the chondrogenic and osteogenic differentiation of BMSCs were calculated (Fig. 2) to compare the various gene expression profiles. The Ct values for the 12 reference genes ranged from 10.18 (18s rRNA) to 28.29 (GAPDH), demonstrating a wide variation. As shown in Fig. 2, 18s rRNA was highly expressed and GAPDH had the lowest transcription value, with Ct values ranging from 26.77 to 28.29. The individual reference genes had different Ct value ranges and no single reference gene had a constant expression level in the chondrogenic and osteogenic differentiation of BMSCs.
Osteogenic differentiation. The stability of reference genes during osteogenic differentiation was evaluated by the geNorm, Normfinder and BestKeeper software. As shown in Fig. 3A , geNorm assessed PPIA and HPRT1 as being the most stable genes, followed by the genes TBP, RP-II and EF-1A, while the most unstable genes were B2 M, YWHAZ and 18s rRNA. PPIA and HPRT1 were sufficient as reference genes, with the V2/3 value of 0.071 much lower than the suggested cut-off value of 0.15. Additionally, similar results on gene stability were obtained by Normfinder (Fig. 3B) and BestKeeper (Fig. 3C) , which demonstrated that RPL13a was the most stable reference gene, with a stability value of 0.091 and a standard deviation of 0.06. It was clearly demonstrated that RPL13a, ACTB and EF-1A were moderately stable, while the best combination of two reference genes was 18s rRNA and HPRT1, with a stability value of 0.055 in Normfinder.
Conversely, the stability of B2M, YWHAZ and 18s rRNA was inconsistent with the geNorm results, with higher stability values and standard deviation than the other genes.
Chondrogenic differentiation. The stability of reference genes during chondrogenic differentiation was also evaluated by the geNorm, Normfinder and BestKeeper software. As shown in Fig. 4A , geNorm revealed RPL13 and YWHAZ to be the most stable genes, followed by SDHA, GAPDH and ACTB. The most unstable genes were B2 M, HPRT1 and 18s rRNA, with stability M-values higher than 0.5. Additionally, the V2/3 value was 0.074, much lower than the suggested cut-off value, demonstrating that RPL13 and YWHAZ were sufficient as reference genes to evaluate the chondrogenic differentiation of BMSCs. Moreover, Normfinder (Fig. 4B) and BestKeeper (Fig. 4C) exhibited similar results on gene stability in the chondrogenic differentiation, which were a little different from the results of geNorm. Normfinder assessed YWHAZ as the most stable gene, followed by GAPDH, PPIA and RPL13. However, the value of the best combination of the two genes PPIA and RPL13 was 0.078, which was much larger than the value for YWHAZ alone, suggesting that YWHAZ alone is sufficient for normalization. Similar results were observed with BestKeeper, demonstrating PPIA, YWHAZ, GAPDH and ACTB to be the most stable genes. Conversely, B2M, HPRT1 and 18s rRNA were revealed to be the most unstable genes during chondrogenic differentiation, with higher M-values, stability values and standard deviation than the other genes. Osteogenic and chondrogenic differentiation. The stability of reference genes during combined osteogenic and chondrogenic differentiation was also evaluated using the geNorm, Normfinder and BestKeeper software. As shown in Fig. 5A , PPIA and TBP were demonstrated to be the most stable genes in the geNorm analysis, followed by EF-1A, ACTB and GAPDH, while the most unstable genes were 18s rRNA, B2 M and HPRT1, with stability M-values higher than 0.5. Additionally, the V2/3 value was 0.080, much lower than the suggested cut-off value, demonstrating that PPIA and TBP were sufficient as reference genes to evaluate the chondrogenic and osteogenic differentiation of BMSCs. Moreover, the results of BestKeeper (Fig. 5C ) were similar to those of geNorm, with PPIA being the most stable gene followed by EF-1A, ACTB and GAPDH. However, little difference existed with Normfinder. It assessed GAPDH as being the most stable gene rather than PPIA, followed by ACTB, EF-1A and SDHA, and the best combination of two genes was ACTB and GAPDH, presenting a higher stability value than the single genes. Conversely, B2M, HPRT1 and 18s rRNA were the most unstable genes during chondrogenic and osteogenic differentiation, with higher M-values, stability values and standard deviation than the other genes, which was inconsistent with the results from geNorm.
Expression profiles of marker genes normalized against various reference genes in the differentiation of BMSCs.
The effects of reference gene variance on the expression profiles of the chondrogenic and osteogenic differentiation markers were investigated (Fig. 6 ). For clarity, the relative expression of the marker genes for chondrogenic and osteogenic differentiation-related genes collagen II, aggrecan and collagen I was obtained with the 2 -ΔΔCt method normalized by the 12 reference genes and the best reference combination recommended by geNorm, Normfinder and BestKeeper. The results revealed that the expression of collagen II and aggrecan increased with time by during the chondrogenic differentiation of BMSCs, while collagen I increased during osteogenic differentiation. As shown in Fig. 6A , the increasing trends of collagen II and aggrecan were almost the same during chondrogenic differentiation when the genes were normalized by the best reference combination recommended by geNorm, Normfinder and BestKeeper. However, the expression trends were quite different when the genes were normalized by B2M, HPRT1 and 18s rRNA, the most unstable genes during chondrogenic differentiation. The result is in accordance with the validation of reference genes analysis. Moreover, as for the osteogenic differentiation of BMSCs (Fig. 6B) , the increased expression trends were observed when the genes were normalized by PPIA, RP-II, HPRT1, TBP and the combination of PPIA and HPRT1. However, results were different based on other reference genes, demonstrating the significance of suitable reference genes in the analysis of osteogenic differentiation, and the results were consistent with the geNorm analysis.
Discussion
Bone marrow mesenchymal stem cells are considered as multipotent cells (23), existing in the bone marrow, which represent a multilineage potential to differentiate into mesodermal lineages (1, 2) . It is the adult bone mesenchymal stem cells that contribute to the regeneration of mesenchymal tissues following trauma or disease or during aging (24) (25) (26) . Evidence indicates the osteogenic and chondrogenic differentiation ability of BMSCs in vitro and in vivo. BMSCs exhibited a stable phenotype and remained as a monolayer in vitro, maintaining their multilineage differentiation potential (1). Moreover, particular techniques to induce BMSC differentiation into chondrogenic (8, 27) , osteogenic (9), adipogenic (10) and myogenic cells (11) have been well investigated. Furthermore, implantation of BMSCs to defect organs or tissues has proven successful in a variety of animal models, where the BMSCs differentiated into the appropriate phenotypes according to the local stimulating factors (28).
Im et al transported the cultured BMSCs to full-thickness defect rabbit models and achieved a satisfactory result (29) . In the study of Fuchs et al, ovine BMSCs were harvested and seeded onto biodegradable scaffolds, then transplanted into the cartilage defects of ewe femoral trochlea. Three months after the transplantation, the cartilage defects were repaired completely, with high proteoglycan and type II collagen content (30) . As for bone regeneration, Niemeyer et al accomplished the repair of sheep tibia defects through implantation of ovine BMSCs seeded on mineralized collagen sponges (31) . Liu et al demonstrated that a BMSC sheet as a 3D scaffold material was a promising strategy in healing a large bone defect area in osteoporosis through the implantation of BMSCs to the defect part of the bone (4).
In conclusion, BMSCs demonstrate notable qualities as seed cells in cartilage and bone regeneration. Tissue engineering in BMSCs has made great advances; however, the mechanisms of the differentiations of BMSCs are still unclear. Molecular changes in gene expression profiles during BMSC differentiation are crucial to explain the mechanisms of the multipotent differentiation process. qPCR is a known, reliable, accurate, fast and sensitive method to quantify gene expression and decipher the properties of BMSC multipotent differentiation. However, an appropriate reference gene is required to be constitutively expressed to eliminate the errors caused by the cell number, reverse transcription and amplification efficiency differences (16) . However, evidence has revealed that the expression of widely used reference genes, although occasionally constant in certain experimental conditions, varies considerably in BMSC proliferation and differentiation (18) . Research has been carried out to attempt to validate an appropriate reference gene in BMSC differentiation (22) , although no conclusion has been reached. Amable et al studied the appropriate reference genes for human mesenchymal cells during expansion and differentiation, demonstrating that HPRT1 was the most stably expressed gene for BMSCs, while the most unstable gene was GAPDH (32). Studer et al (20) and Ragni et al (33) established RPL13a as the most stable reference gene during the chondrogenic and osteogenic differentiation of BMSCs. Quiroz et al also validated RPL13a, GAPDH and ACTB as stable reference genes for osteogenic differentiation of BMSCs (34) . Curtis et al demonstrated that EF-1a, RPL13a and YWHAZ were the most stable reference genes for MSC differentiation in an animal model of global cerebral ischemia (18) . In conclusion, the recommended reference genes varied according to the different studies, and no consensus was reached, which was consistent with our results. In the present study, the suitable reference genes varied due to the differentiation microenvironments. For example, YWHAZ was the most stable reference gene for the chondrogenic differentiation of BMSCs, while RPL13a (Normfinder and BestKeeper), PPIA and HPRT1 (geNorm) acted as the most efficient reference genes. However, 18s rRNA, HPRT1 and B2M were considered to be the most unstable reference genes in both chondrogenic and osteogenic differentiation of BMSCs, which is in accordance with a number of previous studies (18, 22) .
ACTB and GAPDH, the most popular reference genes in use worldwide, are not the most effective reference genes under all experimental conditions. Foldager et al reported that the variations of ACTB and GAPDH for hypoxia-cultured human chondrocytes were much larger than for other genes (35) , underlining their ineffectiveness as reference genes. The same results were obtained in the propagation, differentiation and hypoxic exposure of adipose-derived stem cells, where the expression of GAPDH was downregulated during chondrogenesis and upregulated under hypoxic conditions, leading to erroneous results in the expression of target genes (36) . In the present study, ACTB and GAPDH were not the most stable genes in all experimental conditions, when the BMSCs underwent osteogenic differentiation.
In conclusion, our results demonstrated that the expression of commonly used reference genes varies in the chondrogenic and osteogenic differentiation of BMSCs. We identified YWHAZ, PPIA and GAPDH as suitable reference genes for chondrogenic differentiation, while RPL13a allowed an efficient normalization expression value of interest genes for osteogenic differentiation of BMSCs. Taking both chondrogenic and osteogenic differentiation into consideration, GAPDH, ACTB, PPIA and EF-1A were the most stable genes, which was a little different from the results for chondrogenic and osteogenic differentiation alone, indicating that reference gene stability varied according to the different experimental conditions. However, the most unstable reference genes were 18s rRNA, B2 M and HPRT1 in all analyses, and should be avoided in studies on the differentiation of BMSCs. Our results highlight the significance of using appropriate reference genes in RT-qPCR normalization.
